Objective: Anti-inflammatory glucocorticoid (GC) therapy often induces hyperglycemia due to insulin resistance and islet-cell dysfunction. Incretin-based therapies may preserve glucose tolerance and pancreatic islet-cell function. In this study, we hypothesized that concomitant administration of the dipeptidyl peptidase-4 inhibitor sitagliptin and prednisolone in men at high risk to develop type 2 diabetes could protect against the GC-induced diabetogenic effects. Design and methods: Men with the metabolic syndrome but without diabetes received prednisolone 30 mg once daily plus sitagliptin 100 mg once daily (nZ14), prednisolone (nZ12) or sitagliptin alone (nZ14) or placebo (nZ12) for 14 days in a double-blind 2!2 randomized-controlled study. Glucose, insulin, C-peptide, and glucagon were measured in the fasted state and following a standardized mixed-meal test. b-cell function parameters were assessed both from a hyperglycemic-arginine clamp procedure and from the meal test. Insulin sensitivity (M-value) was measured by euglycemic clamp. Results: Prednisolone increased postprandial area under the curve (AUC)-glucose by 17% (P!0.001 vs placebo) and postprandial AUC-glucagon by 50% (P!0.001). Prednisolone reduced 1st and 2nd phase glucose-stimulated-and combined hyperglycemia-arginine-stimulated C-peptide secretion (all P%0.001). When sitagliptin was added, both clamp-measured b-cell function (PZNS for 1st and 2nd phase vs placebo) and postprandial hyperglucagonemia (PZNS vs placebo) remained unaffected. However, administration of sitagliptin could not prevent prednisolone-induced increment in postprandial glucose concentrations (P!0.001 vs placebo). M-value was not altered by any treatment. Conclusion: Fourteen-day treatment with high-dose prednisolone impaired postprandial glucose metabolism in subjects with the metabolic syndrome. Concomitant treatment with sitagliptin improved various aspects of pancreatic islet-cell function, but did not prevent deterioration of glucose tolerance by GC treatment.
Introduction
Glucocorticoids (GCs), such as prednisolone, are potent anti-inflammatory agents frequently used to treat inflammatory conditions such as rheumatoid arthritis, are diabetogenic drugs as their use is associated with the development of hyperglycemia and overt diabetes with a prevalence up to 30% (2, 3) . Given the large number of prescribed GC drugs, this represents a significant disease burden. The diabetogenic effects have classically been attributed to the induction of peripheral insulin resistance (4) . Recent studies have indicated that GCs additionally impair a and b-cell function (5, 6, 7). In particular, postprandial metabolism is disturbed by GC treatment, resulting in characteristic hyperglycemia during the day and evening (8, 9) .
In contrast to other GC-induced side effects such as osteoporosis (10) or gastric ulcer disease (11) , for which protective agents are routinely prescribed at the initiation of GC therapy, no such strategies are currently used to prevent hyperglycemia and protect islet-cell function. Given the more recent insights that GC therapy particularly affects postprandial glucose metabolism by impairing islet-cell function, we hypothesized that incretin-based therapies could be effective to prevent these side effects. Indeed, both glucagon-like peptide 1 (GLP1) receptor agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors mainly target postprandial hyperglycemia by stimulating insulin-and suppressing glucagon secretion in a glucosedependent manner (12) . Moreover, compounds from both classes have shown to improve various aspects of pancreatic islet-cell function in humans with type 2 diabetes (13, 14) . In a proof-of-principle study, i.v. administration of the GLP1 receptor agonist, exenatide, prevented postprandial hyperglycemia and islet-cell dysfunction induced by high-dose of prednisolone treatment for 2 days in healthy young men (15) . In a clinical setting, however, high-dose GCs are often prescribed for a prolonged period of time, before tapering down, to middle-aged patients suffering from low-to-high grade inflammation (16) . In addition, in daily practice, the use of GLP1 receptor agonists for the prevention of steroiddiabetes may be less acceptable for patients because these drugs are injected and are associated with a high rate of gastrointestinal side effects. In contrast, oral DPP-4 inhibitors are well tolerated (17) . Finally, incretin-based therapies have been shown to have beneficial or neutral effects on several cardiovascular risk factors (18) . This is of additional interest as GC treatment is linked to increased cardiovascular risk through, amongst others, inducing hypertension, obesity, or dyslipidemia (19) .
In this study, we hypothesized that concomitant administration of the DPP-4 inhibitor sitagliptin and high-dose prednisolone in men at high risk to develop type 2 diabetes would protect against the GC-induced diabetogenic effects, by preserving glucose tolerance and islet-cell function.
Research design and methods

Study design
The study was a randomized, placebo-controlled, 2!2 factorial, double-blind clinical trial (NCT00721552). After a 4-week run-in period, participants were randomized to: i) sitagliptin 100 mg once daily plus prednisolone 30 mg once daily (PREDCSITA); ii) prednisolone 30 mg once daily plus sitagliptin-placebo (PRED); iii) sitagliptin 100 mg once daily plus prednisolone-placebo (SITA); or iv) prednisolone-placebo plus sitagliptin-placebo (PBO).
Participants were treated for 14 days with sitagliptin (-placebo) plus prednisolone(-placebo). From days 15 to 28, the prednisolone-arm was discontinued (i.e. to ascertain the reversibility of the PRED-induced cardiometabolic abnormalities), while participants continued the intake of sitagliptin(-placebo) in order to study the effects of sitagliptin on restoration of GC-induced glucose intolerance and cardiovascular risk. After screening for eligibility and inclusion, all participants underwent the study procedures (see below) both before randomization and during treatment (days 13 and 14; Supplementary Fig. 1A , see section on supplementary data given at the end of this article). At days 7 and 28 of treatment, safety visits were performed and study medication was counted. The study was performed according to the Declaration of Helsinki and approved by the Local Ethics Review Board. Furthermore, all subjects provided written informed consent before participation.
Participants
Participants with the metabolic syndrome were recruited by advertisement in local newspapers. The metabolic syndrome was defined according to International Diabetes Federation (IDF) criteria (20) , except that individuals were not allowed to have type 2 diabetes (defined as fasting plasma glucose (FPG) O7.0 mmol/l and 2-h plasma glucose O11.0 mmol/l). No other comorbidities, including a history of cardiovascular disease or treatment with agents other than anti-hypertensive drugs and statins were allowed. oral glucose tolerance test (OGTT). The participants were instructed to omit their usual medication on the morning of study visits and to refrain from eating, drinking (other than water), and smoking after 2200 h the evening before the scheduled visit.
Mixed-meal test
The standardized mixed-meal test procedure was performed before randomization at baseline (day 2) and at day 14 of medication intake. The individuals were instructed to arrive at the research unit in the morning at 0800 h after a 10-h overnight fast. In addition, subjects had not performed strenuous exercise 48 h before the study visit. A cannula was inserted into the antecubital vein of the dominant arm to allow blood sampling. After completion of the fasting blood collections (TZK15 min), the standardized mixed-meal, consisting of 905 kcal (75 g carbohydrates, 36 g proteins, and 50 g fat) (15) , was served. The participants were instructed to consume the meal within 10 min. At prespecified time points blood samples were obtained to assess glucose, insulin, C-peptide, and glucagon ( Supplementary Fig. 1B ). Whole-blood glucose was assessed directly (see below), other blood samples were collected, processed, and stored at K80 8C until analysis. Furthermore, in the fasting state, DPP-4 activity was determined.
Combined euglycemic-hyperglycemic clamp procedure
Before randomization (day 1) and at day 13 of treatment, a combined hyperinsulinemic-euglycemic and hyperglycemic-plus-arginine clamp procedure was performed to assess peripheral insulin sensitivity and b-cell function (21) . After an overnight fast, insulin infusion at a rate of 40 mU/m 2 per min was started for 120 min with plasma glucose levels kept at 5 mM. One hour after discontinuation of insulin infusion, plasma glucose was raised to 15 mM (TZ180 min) by a glucose bolus and was kept at this level for the remainder of the test. Following 80 min of hyperglycemia (TZ260 min), an i.v. bolus of 5 g arginine was given to assess maximum secretory capacity at this level of glycemia.
Cardiovascular risk factors
At baseline (day 2), day 14, and day 28 body weight, BMI, body fat percentage, blood pressure, and fasting lipid profiles (total cholesterol, LDL-cholesterol, HDL-cholesterol, and triglycerides) were measured. Blood pressure was assessed as the mean of three measurements (within 30 min, at least 5 min apart), measured manually by the same investigator, in a seated position at the nondominant arm, using a calibrated sphygmomanometer (Pressostabil, Welch Allyn, Bucks, UK). Body fat percentage was assessed by a four-electrode bio-impedance analyzer (BF-906, Maltron International, Essex, UK). At days 2 and 28, the effect of SITA treatment on body fat distribution was assessed by manual measurement of waist circumference (cm) and of subcutaneous and visceral adipose tissue area (cm 2 ) by magnetic resonance imaging at the level of L4-L5 (as described previously (22)). In addition, 1 H-spectroscopy was performed to assess hepatic and pancreatic triglyceride content (as described previously (22)). Furthermore, at day 28 the 2-h 75-g OGTT was repeated to assess whether all participants returned to baseline glucose tolerance, and whether this was different between PREDCSITA and PRED.
Biochemical measurements
Whole-blood glucose concentrations during the meal and clamp tests were assessed immediately after collection by glucose oxidase method using YSI2300 STAT Plus analyzer (YSI, Yellow Springs, OH, USA). Plasma levels of insulin and C-peptide were determined using an immunometric assay (Luminescence, Advia Centaur, Siemens Medical Solution Diagnostics, Malvern, PA, USA) and plasma glucagon by using a RIA (Linco Research, St Louis, MO, USA). Plasma DPP-4 activity was measured by a luminescent assay using Gly-Pro-aminoluciferin as substrate (DPPIV-Glo Protease Assay, Promega). Other laboratory values (plasma glucose (during OGTT), HbA1c, and lipid profiles) were analyzed by the Department of Clinical Chemistry of the VU University Medical Centre.
Calculations
Glucose tolerance " As a measure of glucose tolerance, 4-h postprandial area under the curve (AUC) for glucose was calculated by the trapezoidal method.
Meal-derived islet-cell function parameters " To assess b-cell function, we calculated 4 h-AUCs for insulin and C-peptide, and 4 h-AUC insulin:glucose ratio . To assess a-cell function, we calculated 4 h-AUC glucagon and 4 h-AUC insulin:glucagon ratio . Furthermore, using mathematical modeling (23, 24) the relationship between insulin release and (plasma) glucose concentration was described as the sum of two components, generating a total of four measures of b-cell function. The first component expresses the static relationship between insulin secretion and glucose concentrations. From this dose-response function the insulin secretion rate at a fixed glucose reference (of 5.5 mM) can be calculated as well as the slope of this relationship, which represents the overall b-cell glucose sensitivity. However, this relationship between insulin secretion and prevailing glucose concentration is modulated by a time-varying factor, which is quantified as the potentiation factor ratio. The potentiation factor encompasses all factors that may modulate insulin secretion (glucose and nonglucose substrates, gastrointestinal hormones, and neuromodulation). The second component of the model is the dynamic change in insulin secretion that depends on the rate of change in glucose concentrations, which is called the rate sensitivity.
Clamp-derived b-cell function variables " Hyperglycemic clamp-derived b-cell function was assessed as 1st and 2nd phase glucose-and combined hyperglycemiaarginine-stimulated C-peptide secretion calculated as AUC: AUC 180-190 min , AUC 190-260 min , and AUC 260-270 min respectively (nmol/min per l).
Insulin sensitivity " From the final 30 min of the euglycemic-clamp procedure, we calculated insulin sensitivity as the M-value (mg/kg per min) (21) . In addition, in order to be able to compare our results with previous studies, an approximation of whole-body insulin sensitivity was assessed in the fasting state by means of the homeostasis model assessment of insulin resistance (HOMA2-IR) (25) .
Statistical analysis and sample size calculation
Owing to small numbers and skewed distribution, data are presented as median values with interquartile range at baseline (day 2 or 1) and post-treatment (day 13, 14, or 28).
For each parameter, we calculated the ratio to pretreatment, i.e. the relative change from baseline (post-/pre-treatment value). Owing to small group sizes and unequal distribution among groups, group-differences were nonparametrically tested by Kruskal-Wallis; in case of significance subsequent Mann-Whitney U for betweengroup analysis with post-hoc Bonferroni's correction was performed (comparisons of interest: PRED vs PBO, PREDC SITA vs PBO, and SITA vs PBO). Statistical analyses were performed using SPSS, version 20.0 for Windows, and P!0.05 was considered statistically significant.
Justification of sample size " For between-group differences in the primary objective, i.e. change in postprandial AUC glucose , we expected a 30% change for treatment with prednisolone (based on our previous study (5)) which rendered a sample size of 8 to be sufficient to detect a 30% change (S.D. 20%) with a two-sided a-level of 0.05 and a power of 80%. For the effect of sitagliptin, we based our sample size calculation on previous studies in which DPP-4 inhibition was administered to subjects with impaired glucose metabolism (26, 27) . We expected a 30% reduction in AUC glucose (S.D. 25%), therefore, with a two-sided a-level of 0.05 and a power of 80%, 15 subjects would be enough to detect the expected difference.
Results
Subjects
Of the 91 men screened (from February 2009 until April 2012), 54 fulfilled all eligibility criteria. The participants were randomized to one of the four medication groups ( Supplementary Fig. 2 , see section on supplementary data given at the end of this article). Table 1 provides the baseline characteristics of all participants. All participants were white and of male sex. No differences were observed among the groups at baseline (data not shown).
Owing to inclusion criteria, participants met either three, four or five criteria for the metabolic syndrome. In total, 
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Mixed-meal test
Fasting values " At day 14, PRED did not alter fasting glucose, while fasting C-peptide was diminished and glucagon was increased. Also, PRED decreased fasting insulin:glucose and insulin:glucagon ratios. The combination therapy of PREDCSITA merely resulted in increased fasting glucagon, while leaving the other fasting values undisturbed (Supplementary Table 1 , see section on supplementary data given at the end of this article). DPP-4 activity was not altered by PRED monotherapy or PBO, but was significantly lowered in both PREDCSITA and SITA (data not shown).
Postprandial measures " PRED vs PBO significantly increased postprandial AUC glucose by w17%, while PREDCSITA was not able to prevent this ( Fig. 1 and Supplementary Table 2 , see section on supplementary data given at the end of this article). PRED vs PBO significantly lowered postprandial AUC insulin but increased AUC glucagon , resulting in decreased postprandial insulin:glucagon ratio. For PREDCSITA a similar reduction in AUC insulin or insulin:glucose ratio was observed. However, postprandial AUC glucagon and insulin:glucagon ratio was not significantly different from PBO ( Fig. 1 and Supplementary Table 2 ). Using mathematical modeling to detail various aspects of b-cell function, we showed that PRED vs PBO significantly reduced glucose sensitivity by w53% and insulin secretion rate at fixed glucose reference of 5.5 mM by w32%. When combined, PREDCSITA comparably reduced glucose sensitivity (P!0.001 vs PBO), while insulin secretion rate at fixed glucose reference of 5.5 mM remained unaltered (nonsignificant vs PBO). Other model-derived parameters, including total insulin secretion rate, rate sensitivity, and potentiation factor were not affected by either treatment (Table 2) .
Clamp procedure
PRED vs PBO significantly reduced all parameters of b-cell function, as measured during the hyperglycemic part of the clamp, including 1st phase C-peptide secretion by w22%, 2nd phase by w30%, and the response of C-peptide secretion to hyperglycemia-argininestimulation by w32%. Concomitant SITA restored PREDinduced decrease in 1st and 2nd phase glucose-stimulated C-peptide secretion, but had no effect on the decline in arginine-stimulated C-peptide secretion ( Fig. 2 
Cardiovascular risk factors
At day 14, PRED or PREDCSITA vs PBO did not significantly alter body weight, systolic blood pressure, diastolic blood pressure, or fasting lipid profile, while it significantly increased HDL-cholesterol (Supplementary  Table 4 , see section on supplementary data given at the end of this article).
At day 28, there were no differences in fasting or 2 h OGTT-values among the groups, indicating that all PREDinduced effects on glucose tolerance were back to baseline. Participants in both SITA and PREDCSITA (NB PREDtreatment halted after 14 days) were characterized by a lower, however not significant, systolic blood pressure at day 28 compared with PBO (Supplementary Table 4 ).
Safety and tolerability
Overall, compared with PBO no difference in frequency of reported adverse events during treatment with PRED and/or SITA was observed (data not shown). Frequently reported side effects for both drugs included upper respiratory tract infections, gastric discomfort/dyspepsia, and sleeplessness; these were generally mild and transient of nature.
Conclusions
In this study we explored, for the first time, the potential of concomitant DPP-4 inhibition to prevent diabetogenic side effects induced by GC treatment, particularly by protecting against GC-induced deterioration of pancreatic islet-cell function in high-risk individuals. The main findings were that, despite improvements in some aspects of islet-cell function, the DPP-4 inhibitor sitagliptin was not able to prevent GC-induced glucose intolerance, as assessed during a standardized meal-test in men with the metabolic syndrome.
We confirmed and extended previous findings, showing that sub-acute treatment with a high dose of prednisolone induced postprandial but not fasting
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hyperglycemia (8, 9) as well as islet-cell dysfunction (5, 6, 15). The latter was characterized by impaired aspects of fasting, postprandial, and clamp-measured insulin secretion, in addition to increased fasting and mealrelated glucagon secretion. Impaired islet-cell function was previously demonstrated in rodent islet-cell cultures (28, 29) , more recently in healthy young men (5, 6, 15), and here also in men with the metabolic syndrome. Combined treatment of sitagliptin and prednisolone did not prevent meal-related glucose intolerance, as it failed to correct GC-induced disturbances of postprandial insulin response. Interestingly, sitagliptin administered with prednisolone improved some aspects of islet-cell function, particularly fasting C-peptide, clamp-measured 1st and 2nd phase C-peptide secretion and postprandial glucagon secretion. Also, a trend toward increased insulin secretion rate at fixed glucose level, as derived from dynamic b-cell function modeling, was noted. However, despite these improvements in GC-induced islet-cell dysfunction, meal-related glucose intolerance was not prevented. A number of reasons could account for this seeming discrepancy. First, although the hyperglycemic clamp is generally considered the gold standard to measure pancreatic b-cell function, it represents a less physiological technique. Following ingestion of a nutrient load, several mechanisms in addition to plasma glucose levels, such as neurogenic stimuli, nonglucose nutrients, incretin hormones, or other gut-derived regulatory peptides contribute to insulin secretion. All these factors may potentially be altered by GCs and as such contribute to the persistent glucose intolerance despite improved clampmeasured b-cell function. Second, plasma glucose levels (15 mM) during the hyperglycemic clamp were higher than the maximum glucose concentrations reached during the meal test (w8 mM). As incretin-enhanced insulin secretion from the b-cells is glucose dependent (30) , the relative low postprandial glucose levels during the mixed-meal test in these nondiabetic individuals could not uncover the full potential of sitagliptin. Thirdly, GCs induce peripheral insulin resistance, resulting in increased hepatic glucose production, increased adipose tissue lipolysis, and impaired glucose disposal at the level of skeletal muscle (31) . Although sitagliptin was shown by others to reduce hepatic glucose production in the postprandial state to some extent (32) , by suppressing glucagon secretion, DPP-4 inhibitors, in general, fail to improve peripheral insulin sensitivity. These factors may explain why GC-induced glucose intolerance was not mitigated by sitagliptin, despite clamp-measured improvements in b-cell function.
At the level of the b cell, several mechanisms have been suggested by which GCs impair insulin secretion, including GC-induced stress in endoplasmic reticulum (7), impairment of the efficacy of calcium on the secretory process, and reduction in protein kinase A (PKA)-mediated insulin release (28) . Interestingly, incretins stimulate insulin secretion mainly through PKA activation (30) . To our knowledge, no literature is currently available to describe the exact molecular mechanisms underlying GC-incretin interaction at the level of the a and b cells. The fact that in humans the incretin effect is reduced by GCs, despite normal concentrations of (active) GLP1 (33, 34) , suggests that GCs may impair GLP1-mediated activation of PKA. On the other hand, exenatide infusions, resulting in pharmacological levels of GLP1, were shown to prevent the acute diabetogenic effects of prednisolone in healthy volunteers (15) . An additional mechanism by which GLP1 receptor agonist treatment, in contrast to DPP-4 inhibitors (35, 36) , may prevent GC-induced hyperglycemia is by reducing gastric emptying rate -an effect attributed to the higher pharmacological levels of GLP1.
Two weeks of prednisolone treatment did not result in deterioration of a number of cardiovascular risk factors, including blood pressure, body weight, and body composition or lipid profiles. GC-induced hypertension has been shown previously to be dose dependent and occurs most often in elderly patients (O65 years) (37) -our participants were middle aged -moreover, because 50% of the participants were already on anti-hypertensive treatment, a potential increase in blood pressure might have been masked. Furthermore, lipid profiles were not negatively altered. Possibly, the effects of GCs on fat accumulation in the liver, abdominal obesity, and plasma lipids require more prolonged exposure, such as is the case in patients with Cushing's disease (1) .
Interestingly, we did not observe alterations in clampmeasured peripheral insulin sensitivity, generally considered a hallmark of GC-induced diabetogenic effects (4). However, previous studies were mostly done in healthy subjects with higher baseline insulin sensitivity (M-value around w8 mg/kg per min) (6, 15), whereas in this study participants were already suffering from severe insulin resistance at baseline (M-value of 3.5 mg/kg per min). We chose to study the effects of GCs in the metabolic syndrome because patients with chronic inflammatory diseases, i.e. those requiring GC treatment, often have features of the metabolic syndrome (16, 38) independent of GC-use (38) . In our study, short-term prednisolone exposure did not aggravate the already present severe insulin resistance. Similarly, in a previous study, chronic GC treatment in patients with rheumatoid arthritis did not further decrease insulin sensitivity compared with patients without GC-use (39) .
Limitations of our study include its relative small size; however, previous studies of mechanism using similar methodology demonstrated meaningful effects in comparably sized protocols. Unfortunately, we were not able to include the exact number of participants for each group as calculated by the power-calculation. However, due to the strong significance of the differences observed, we do not expect that including a few more participants would have resulted in different outcomes. Besides, due to the inclusion and exclusion criteria, our study population was relatively homogenous (males, age-group, and metabolic syndrome criteria) allowing detection of small differences even in a relatively small number of participants. Other limitations include the absence of stable isotope use in the meal tests, which precludes conclusions on treatment-related changes in oral glucose uptake and hepatic glucose production, and the lack of postprandial plasma levels of incretin hormones. However, previous studies did not show an effect of GCs on (active) incretin levels (6, 33, 34). We deliberately chose to include white men, as ethnicity and gender may be effect modifiers of several treatment-related study variables (40) . However, this approach precludes generalization of the results. Finally, although metabolic syndrome is an appropriate model to study individuals at high risk to develop type 2 diabetes, this study population did not suffer from chronic systemic (high-grade) inflammation, which is typical for patients who are eligible for GC treatment. Therefore, the clinically relevant interrelationship among inflammation, GC treatment, and DPP-4 inhibition could not be assessed in this study.
In conclusion, the DPP-4 inhibitor sitagliptin did not prevent GC-induced glucose intolerance, despite improvements in various aspects of pancreatic islet-cell function in men with the metabolic syndrome, who are highly prone to develop type 2 diabetes. However, a longer term treatment or treatment combination in a clinically relevant population, i.e. patients that use GCs, may prove differently. Therefore, as steroid diabetes represents an important debilitating medical condition, future research should investigate whether incretin-based drugs or other islet-cell protecting agents can be harnessed as protective strategies against GC-induced postprandial hyperglycemia in a clinical setting.
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